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Abstract: In a reaction to excite the resonant state followed by the sequential cluster-decay, the in-plane angular
correlation method is usually applied to determine the spin of the mother nucleus. However, the correlation pattern
exhibited in a two-dimensional angular-correlation spectrum depends on the selected coordinate system. Particularly
the parity-symmetric and the axial-symmetric processes should be presented in a way to enhance the correlation
pattern whereas the non-symmetric process should be plotted elsewhere in order to reduce the correlation background.
In this article, three possible coordinate systems, which were previously adopted in the literature, are described and
compared to each other. The consistency of these systems is evaluated based on the real experimental data analysis
for the 10.29-MeV state in 18O. A spin-parity of 4+ is obtained for all three coordinate systems.
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1 Introduction
Nuclear clustering is currently one of the hot topics
in nuclear structure studies, especially for nuclei in the
expanded nuclear chart away from the β-stability line
[1–7]. The cluster structure is often formed and sta-
bilized at highly excited resonant states at the vicinity
of the cluster-separation threshold [8]. Experimentally
this structure can be probed via nuclear reaction tools
combined with sequential cluster-decay. The reconstruc-
tion of the resonant state from the decay fragments, the
so-called invariant mass (IM) method, allows to select
the states with large cluster partial decay widths. This
selection reduces significantly the level density at high
excitation energies, being in favor of the quantitative
extraction of the physical properties of the resonances.
Furthermore, a model independent determination of the
spin of the reconstructed resonant state can be achieved
though the sensitive angular correlation method [9, 10].
This is particularly important at high excitation energies
where the differential cross section method becomes al-
most useless due to the overlap of many close-by states
and the uncertainties in many fitting parameters [9].
Determination of the spin of each resonant state is
of particular importance in order to form the molecular
band which is required to firmly establish the clustering
structure [11]. So far the angular correlation analysis has
been the most sensitive and reliable tool to determine the
spin of the resonant state [10, 12–15]. Nevertheless, the
angular correlation picture depends on the selection of
the coordinate system, which varies for different types of
experiments and conventions of data analysis. Basically,
although in most cases, the z-coordinate axis is fixed on
the beam direction, the definition of the spherical angle
axis differs from each other in these coordinate systems.
So far no detailed analysis and comparison of these co-
ordinate systems were provided in the literature, which
may lead to some misunderstanding and erroneous ap-
plication of the angular correlation method.
In this work we systemically investigate three kinds
of coordinate systems which have been usually used in
the literature. The definitions and features of these sys-
tems are outlined and compared to each other. The con-
sistency of these systems is demonstrated by the real
experimental data analysis for the 10.29-MeV resonant
state in 18O. Some suggestions for the application of the
angular correlation method are provided in the summary
session.
2 In-plane angular correlation
2.1 General description
For a sequential decay reaction a(A,B∗ → c + C)b,
the composite resonant particle B∗ may decay into, for
instance, two spin-zero fragments. The angular corre-
lation of the latter is a sensitive probe of the spin of
the resonant state in the mother nucleus B [10]. In a
spherical coordinate system with its z-axis pointing to
the beam direction (Fig.1), the correlation function can
be parameterised in terms of four angles [10]. Namely,
the center-of-mass (c.m.) scattering polar and azimuthal
1) E-mail: yeyl@pku.edu.cn
1
ar
X
iv
:1
90
5.
08
72
8v
1 
 [p
hy
sic
s.d
ata
-an
]  
17
 M
ay
 20
19
angles, θ∗ and φ∗, respectively, of the resonant particle
B∗; the polar and azimuthal angles, ψ and χ, respec-
tively, of the relative velocity vector vrel of the two frag-
ments (the arrow connecting HI and LI in Fig. 1). Both
polar angles, θ∗ and ψ, are with respective to the beam
direction. The azimuthal angle φ takes 0◦ (or 180◦) in
the horizontal plane defined by the center positions of
the detectors placed at the opposite sides of the beam
(the chamber plane or the detection plane). Another
azimuthal angle χ is defined to be 0◦ (or 180◦) in the
reaction plane fixed by the beam axis and the reaction
product B∗. Owing to the limited detector geometry in
a general experiment, the correlation is often approxi-
mately constrained in the chamber plane as shown in
Fig. 1. In this case, the azimuthal angles φ and χ re-
main always at 0◦ or 180◦, depending on the selected
coordinate system, and the angular correlation appears
as a function of only two polar angles θ∗ and ψ. This is
called the in-plane correlation.
Fig. 1. The schematic diagram of the sequential
decay following a transfer reaction a(A,B∗ → c
+ C)b and the definitions of the polar angles θ∗
and ψ in the detection plane. The two decay frag-
ments, c and C, are specified as light ion (LI) and
heavy ion (HI), respectively, in the figure.
When the azimuthal angle χ is restricted to 0◦ (or
180◦ ), the most striking feature of the angular correla-
tion in θ∗-ψ plane appears as the ridge structures asso-
ciated with the spin of the mother nucleus ([9, 10, 16]).
At relatively small θ∗ angles, the structure is character-
ized by the locus ψ=αθ∗ in the double differential cross
sections, where α is a constant for the slope of the ridge
and nearly inversely proportional to the spin of the res-
onant state B∗ [10, 16]. The correlation is oscillatory
along ψ angle for a fixed θ∗, and vice versa. In general,
this in-plane correlation structure can be projected onto
the one-dimensional spectrum W (θ∗= 0◦,ψ′=ψ−αθ∗).
Within the strong absorption model (SAM) [17–19], α
may be related to the orbital angular moment li of the
dominant partial wave in the entrance channel, through
α = li−J
J
, with J being the spin of B∗ [9, 16]. li can be
evaluated simply from li = r0(A
1/3
p +A
1/3
t )
√
2µEc.m. [20],
with Ap and At the mass numbers of the beam and target
nucleus, respectively, µ the reduced mass and Ec.m. the
center-of-mass energy. If the resonant nucleus is emitted
to angles close to θ∗ = 0◦, the projected correlation func-
tion W (ψ′) is simply proportional to the square of the
Legendre polynomial of order J , namely |PJ(cos(ψ))|2.
This method has been frequently applied in the litera-
ture ([21] and references therein) and will also be demon-
strated in the following section 2.3.
2.2 Different coordinate systems
As indicated above, what’s important in the applica-
tion of the angular correlation plot is to enhance as clear
as possible the ridge structure which corresponds to the
spin of the resonant mother nucleus. In this sense the
selection of the coordinate system for the plot is mean-
ingful. For an unpolarized experiment, the reaction pro-
cess satisfies the axial symmetry around the beam axis.
In addition the decay process should satisfy the parity
(space inversion) symmetry with respective to the c.m.
of the resonant mother nucleus. In the two-dimensional
correlation plot (plot of the double differential cross sec-
tion) as functions of the polar angles θ∗ and ψ, it is nat-
ural to plot these symmetrical events in the same ridge
band while placing the non symmetric events elsewhere,
in order to enhance the sensitivity to the associated spin.
This care should be taken even for the simple case of
restricted detection around the chamber plane. For in-
stance, in Fig. 2 we show schematically two processes
which generate the same polar angles θ∗ and ψ but are
not symmetric in terms of the resonance-decay. These
two processes should be differentiated from the ridge plot
by using an appropriate coordinate system, such as the
one using positive and negative θ∗ as defined below. On
the other hand, the coordinate definition should keep the
four symmetric processes, as schematically displayed in
Fig. 3, in the same ridge band so that the ridge struc-
ture appears continuously and a simple projection may
bring them together to enhance the sensitivity to the as-
sociated spin. We introduce in the following three kinds
of coordinate systems and show their differences in plot-
definition and the consistency in extraction of the spin.
Fig. 2. The schematic diagram of the two indepen-
dent reaction processes having the same polar an-
gles. The direction of the relative velocity vector
vrel is guided by the light ion for both cases.
2
Fig. 3. Schematic diagram of the four symmetric reaction-decay processes in the chamber plane. (a) and (b) are
parity-symmetric processes while (c) and (d) are their axial-symmetric processes, respectively. All processes are
identified by the angles θ∗ and ψ defined in various coordinate systems as described in the text.
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Fig. 4. (Color online) Angular correlation spectra for the 10.29-MeV state in 18O using the (A) ψfix, (B) ψion and
(C) ψfull coordinate systems, respectively. The projection lines in (A), (B) and (C) (the red-solid lines) correspond
to a slope parameter α = li−J
J
, with li = 13.9 ~ (using r0 = 1.2 fm). (a), (b) and (c) show the projections of (A),
(B) and (C) onto θ∗ = 0◦ axis, respectively. The black dot-dashed line indicates the simulated detector efficiency
in each coordinate system. All experimental distributions are compared with a squared Legendre polynomial of
order 4.
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In the first coordinate system (hereinafter named ψfix
coordinate system), the relative velocity vector of the
decay products always points to the fixed detector at
one side of the beam (where φ∗ = 0◦). This is prac-
tical when two decay particles are identical, such as
24Mg → 12C +12 C [10], or each detector is designed
to be sensitive to only one type of the particles, such
as 18O → 14C+α with 14C always detected at one-side
while α at another side, of the beam [9]. By definition θ∗
is positive on the opposite side of the beam and negative
on the same side, in comparison to the fixed positive ψ.
With this definition, processes (a) and (b) will be plotted
at one position (negative θ∗) while (c) and (d) at another
position (positive θ∗) (see present Fig. 4(A) or Fig. 5 in
Ref. [10]).
In another more “physical” convention [16] (here-
inafter denoted as ψion coordinate system), the relative
velocity vector vrel is always pointing to a certain de-
cay particle (usually the lighter one, LI), corresponding
to φ∗ = 0◦ . The positive θ∗ remains at the opposite
side of the positive ψ. Under this convention the axial-
symmetric processes (a) and (c) will be plotted at the
same position, whereas (b) and (d) at another position,
as demonstrated in the present Fig. 4(B) or in Fig. 3
of Ref. [16]. Due to the different detection efficiency
for light and heavy particles, the correlation structure in
this coordinate system may differ from that in the ψfix
coordinate system.
Additionally, on the basis of the ψion coordinate sys-
tem, the polar angle ψ could also be assigned positive
or negative sign, depending on the azimuthal angle χ.
Firstly 0◦ of the azimuthal angle φ∗ or χ is defined by one
detector in the chamber plane. Then positive ψ means χ
close to 0◦ while negative ψ for χ close to 180◦. Now four
intrinsically equivalent cases in Fig. 3 will be plotted at
four different positions in the θ∗-ψ plane. This coordi-
nate system is denoted as ψfull. This convention was used
in some literature, such as in Ref. [14], and also demon-
strated in the present Fig. 4(C). Now we have both θ∗
and ψ ranging in positive as well as in negative scales.
Since the experimental detection system may not be ex-
actly symmetric with respective to the beam axis, the
double differential cross section in Fig. 4(C) seems not
symmetric neither. It is evident that this wider scale
distribution would give more consistent information for
the ridge structure, but in the mean time would require
higher statistics.
We note that the above introduced three coordinate
systems are equally meaningful since the non-symmetric
process, as shown in Fig. 2(b), would appear in neither of
the defined ridge band. In the mean time these systems
should be consistent to each other in terms of extracting
the spin of the resonant mother nucleus. This consis-
tency is demonstrated below by real experimental data
analysis.
2.3 Experimental results
Recently, a multi-nucleon transfer and cluster-decay
experiment 9Be(13C,18O∗ → 14C + α)α was performed
at the HI-13 tandem accelerator facility at China In-
stitute of Atomic Energy (CIAE) in Beijing. Resonant
states in 18O can be reconstructed according to the in-
variant mass method [1, 5], as shown in Fig. 5 for events
with small θ∗ angles. The state at 10.29 MeV is a good
candidate for angular correlation analysis, owing to its
clear peak identification and relatively large ψ-angle cov-
erage. In Fig. 4 we plot the angular correlation spec-
trum for the 18O 10.29-MeV state in the above described
three coordinate systems (Fig. 4(A-C)). Further these
two dimensional spectra in θ∗ − ψ plane are projected
onto the θ∗ = 0◦ axis according to the above described
ψ′=ψ− li−J
J
θ∗ relation, as exhibited in Fig. 4(a-c), re-
spectively. The projections are compared with the square
of the Legendre polynomial of order 4. It would be worth
noting that only the periodicity of the distribution mat-
ters whereas the absolute peak amplitudes depends on
the detection efficiency. Although the distributions be-
have slightly different among three coordinate systems,
the periodicities of the experimental spectra all agree
with the Legendre polynomial of order 4, corresponding
to a spin-parity of 4+ for the 10.29-MeV state in 18O.
This consistency between various coordinate systems in-
dicates the reliability of the angular correlation method
in determining the spin of a resonant state.
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Fig. 5. Excitation energy spectrum for 18O emit-
ting to small θ∗ angles. The state at 10.29 MeV
is selected to demonstrate the angular correlation
analysis.
Based on the consistency exhibited in Fig. 4 and the
symmetry property of the Legendre polynomial, we may
plot the projected correlation spectrum as a function of
|cos(ψ′)| [21], in order to increase the statistics in each
bin of the distribution. Furthermore, this plot is inde-
pendent of the above defined coordinate systems. In ad-
4
dition we may reconstruct the excitation energy spec-
trum, similar to that in Fig. 5, for each bin of |cos(ψ′)|
and extract the corresponding event number for the pure
10.29-MeV peak by subtracting the smooth background
beneath the peak. The experimental correlation spec-
trum is now plotted in Fig. 6. The theoretical function
composed of a squared Legendre polynomial plus a con-
stant background, corrected by the detection efficiency,
is used to describe the experimental results. Now, we
can see that, not only periodicity, but also the magni-
tude of the function for spin-parity of 4+ give rise to
an excellent fit to the experimental data, whereas other
options of spin-parity can be excluded. We notice that
a constant background is still needed in the theoretical
function since the experimental data include some un-
correlated components coming from events within the
10.29-MeV peak but away from the exact θ∗ = 0◦ axis
[10].
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Fig. 6. The angular correlation spectrum for 10.29-
MeV state in 18O, in comparison to the Legendre
polynomials of order 4 (the red dotted line) and
order 6 (the blue dot-dashed line). A uniformly
distributed background is assumed to account for
the uncorrelated component (the long dot-dashed
line). Theoretical angular distributions has been
corrected for the detection efficiency. The corre-
sponding reduced χ¯2 for the goodness of the the-
oretical description is also indicated in the plot.
3 Summary
The fragment angular correlation in a sequential
cluster-decay reaction provides a model-independent way
to determine the spins of the resonant nucleus. When
the correlation spectrum is restricted to angles close to
the detection chamber plane, the ridged pattern can be
clearly exhibited in the two dimensional plot with re-
spective to the two polar angles θ∗ and ψ. According to
the ways to deal with the symmetrical events, three co-
ordinate systems for different θ∗ and ψ definitions have
been adopted in the literature for various experiments
and spin analysis. In the present work, we outlined
these systems and compared them to each other to clar-
ify their differences and consistency. These systems are
examined by the cluster-decay data for 10.29-MeV state
in 18O, measured in our recent experiment. This work
gives a better understanding of the angular correlation
function, and demonstrates the possible choices for the
best extraction of the spin of a resonant state.
In the case that resonant nucleus decays into two
spin-zero fragments, the two-dimensional correlation
spectrum for small θ∗ angles can be projected onto the
θ∗ = 0◦ axis. This projected spectrum may be described
by a squared Legendre polynomial with an order cor-
responding to the spin of the resonant mother nucleus.
Using this method, a spin-parity of 4+ is firmly deter-
mined for 10.29-MeV state in 18O.
Based on the above investigations, we might propose
the basic procedure for the application of the angular
correlation method. Firstly, the experiment should be
designed to have good detection for events at small θ∗
angles and with wide ψ coverage. Secondly, a proper
coordinate system should be selected according to the
detection and data-distribution characteristics. In prin-
ciple, the best choice is the ψfull coordinate system ow-
ing to its wider angular range of the correlation spec-
trum which may help to identify the ridge structure as
long as the statistics is good enough. However, when
the statistics is low, the coordinate systems ψfix or ψion
, depending on the detection arrangement, is more con-
venient. Thirdly, before the projection onto the θ∗ = 0◦
axis, the ridge structure should have been distinctly ob-
served. Otherwise, any small shift in projection direc-
tion may lead to wrong extraction of the spin, especially
in the case of higher spin where more oscillations in the
projected spectrum are expected. The detector efficiency
should also be carefully examined, since the large vari-
ation of the efficiency curve may give rise to some non-
physical structure in the projected distribution. Finally,
the projected spectrum may be obtained by subtract-
ing the background for each bin of |cos(ψ′)|. This real
experimental spectrum can be compared with the theo-
retical function (Legendre polynomial corrected by the
detection efficiency) and the quantitative goodness anal-
ysis can be examined. But again the correct projection
parameter should be fixed before this fitting procedure.
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